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Abstract. 
 
The rapid activation and feedback regulation 
of many G protein signaling cascades raises the possi-
bility that the critical signaling proteins may be tightly 
coupled. Previous studies show that the PDZ domain 
 
containing protein INAD, which functions in 
 
Drosoph-
ila
 
 vision, coordinates a signaling complex by binding 
directly to the light-sensitive ion channel, TRP, and to 
phospholipase C (PLC). The INAD signaling complex 
also includes rhodopsin, protein kinase C (PKC), and 
calmodulin, though it is not known whether these pro-
teins bind to INAD. In the current work, we show that 
rhodopsin, calmodulin, and PKC associate with the sig-
naling complex by direct binding to INAD. We also 
found that a second ion channel, TRPL, bound to 
INAD. Thus, most of the proteins involved directly in 
phototransduction appear to bind to INAD. Further-
more, we found that INAD formed homopolymers and 
the homomultimerization occurred through two PDZ 
domains. Thus, we propose that the INAD supramolec-
ular complex is a higher order signaling web consisting 
of an extended network of INAD molecules through 
which a G protein–coupled cascade is tethered.
Key words: rhodopsin • TRPL • calmodulin • PKC 
• PDZ
 
R
 
eceptor-mediated
 
 signal transduction, the process
by which extracellular signals are transduced
across the plasma membrane, is a widespread phe-
nomenon critical for a plethora of cellular events. The pro-
teins in signaling cascades are probably not randomly dis-
tributed, but spatiotemporarily organized in such a way to
achieve efficiency and specificity. Whether signaling com-
ponents are physically associated to form a signaling com-
plex or are merely in close proximity to facilitate random
collisions is not well understood. Recently, we and others
provided evidence that proteins involved in 
 
Drosophila
 
phototransduction function as a supramolecular signaling
complex (Huber et al., 1996
 
a
 
; Shieh and Zhu, 1996; Chev-
esich et al., 1997; Tsunoda et al., 1997). Inactivation no after-
potential D (INAD)
 
1
 
 (Shieh and Niemeyer, 1995), a pro-
tein with five tandem protein interaction modules, PDZ
domains, appears to be the coordinator (for reviews see
 
Montell, 1997, 1998; Pawson and Scott, 1997). However,
all of the components that comprise this signaling complex
are not known. One intriguing possibility is that INAD
may function as a scaffold for most, if not all, of the pro-
teins in this signaling pathway. However, the mechanism
by which a single molecule, INAD, could nucleate an ar-
ray of proteins is unclear.
PDZ domains are 
 
z
 
90 amino acid modules, identified
initially in PSD-95, DLG, and ZO-1 which mediate protein–
protein interactions by binding to the COOH-terminal
ends of their targets (Kim et al., 1995, 1996; Kornau et al.,
1995; Muller et al., 1996; Hata et al., 1997; Kornau et al.,
1997; Tejedor et al., 1997). The crystal structure of two
PDZ domains reveals a cradle of 
 
b
 
 
 
barrels with a con-
served hydrophobic pocket and a buried arginine, suggest-
ing a common mechanism for PDZ–target interactions
(Cabral et al., 1996; Doyle et al., 1996).
Previous studies have shown that INAD binds directly
to TRP (Shieh and Zhu, 1996) and the phospholipase C
(PLC)
 
 
 
(Chevesich et al., 1997) encoded by the 
 
norpA
 
 locus
(Bloomquist et al., 1988). In addition, protein kinase C
(PKC) (Huber et al., 1996
 
a
 
,
 
b
 
; Tsunoda et al., 1997), cal-
modulin, and rhodopsin (Chevesich et al., 1997) have been
shown to associate with the INAD complex. Whether
these latter proteins are linked directly to INAD has not
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been addressed. In the current paper, we show that
rhodopsin, PKC, calmodulin, and TRPL bind directly to
INAD. Thus, most of the proteins critical in phototrans-
duction appear to be coupled directly to INAD. In addi-
tion, INAD homomultimerized leading to the formation
of INAD polymers. Both homomeric and target binding
occurred simultaneously through the same PDZ domains
indicating that the two interactions were mediated by dis-
tinct regions. This observation provided a mechanism by
which a multitude of targets can be coupled to the com-
plex through the same PDZ domains. We propose that the
INAD signaling complex is composed of an array of
INAD molecules to which most, if not all, of the proteins
involved in phototransduction are tethered.
 
Materials and Methods
 
DNA Constructs for Expression in 293T Cells
 
The plasmids transfected in 293T cells were all constructed using the
pcDNA3 vector (Invitrogen, Carlsbad, CA). The translation initiation codon
in each construct was modified to optimize translation initiation (Kozak,
1984). Many of the constructs contained either an NH
 
2
 
-terminal MYC or
FLAG epitope tag as indicated. The peptide sequences of the MYC and
FLAG tags were MEQKLISEEDL and MDYKDDDDK, respectively.
pPKC-F, pINAD, pINAD-M, and pINAD-F consisted of the full-length se-
quences. pTRPL is the full-length clone reported previously (Xu et al., 1997).
pPLC-M consisted of the COOH-terminal 123 residues of PLC fused at the
NH
 
2
 
 terminus to a MYC tag and the maltose binding protein. The residues in
constructs containing different INAD fragments are indicated in Fig. 3 
 
A
 
.
 
Cell Culture and Coimmunoprecipitations
 
The coimmunoprecipitation of TRPL and INAD from fly heads was con-
ducted as described (Xu et al., 1997). Fly heads (20 mg) were homoge-
nized in 0.4 ml ice-cold SMART buffer (0.2% dodecyl-
 
b
 
-maltoside, 2.7 mM
KCl, 10 mM Na
 
2
 
HPO
 
4
 
, 1.8 mM KH
 
2
 
PO
 
4
 
, 500 mM NaCl, 5 mM EDTA, 5 mM
EGTA, 2 mg/ml aprotinin, 10 mg/ml leupeptin, 0.1 mM PMSF, 10 mM NaPPi,
50 mM NaF, pH 7.3) and centrifuged at 16,000 
 
g
 
 for 15 min to remove de-
bris. Anti-TRPL antibodies (or nonimmune serum) and 50 
 
m
 
l of protein
A–agarose beads supernatant was subsequently added to the supernatant
and then the mixture was then rotated at 4
 
8
 
C for 2 h. After five washes
with SMART buffer, the immunoprecipitates were eluted with SDS sam-
ple buffer, fractionated by SDS-PAGE, probed with rabbit anti-INAD anti-
bodies and then detected by enhanced chemiluminescence (Amersham
Corp., Arlington Heights, IL). The coimmunoprecipitation of rhodopsin
and INAD was performed as described (Chevesich et al., 1997) using 1%
CHAPS instead of 0.2% dodecyl-
 
b
 
-maltoside in the homogenizing buffer.
The immunocomplexes were fractionated by SDS-PAGE, probed with
anti-INAD antibodies, incubated with 
 
125
 
I-conjugated protein A, and then
processed for autoradiography.
293T cells were grown in DME/FCS at 37
 
8
 
C, 5.5% CO
 
2
 
. Lipofectamine
(GIBCO BRL, Gaithersburg, MD) was used in the transfections accord-
ing to the manufacturer’s instructions. 36–48 h after transfection, the cells
from single 100-mm dishes were lysed with 1 ml of cold IPB buffer (1%
Triton X-100 and protease inhibitor cocktail [Boehringer Mannheim Bio-
chemicals, Indianapolis, IN]) in PBS and centrifuged to remove cellular
debris. The subsequent immunoprecipitation protocol was similar to that
described (Chevesich et al., 1997; Xu et al., 1997) using 0.5 ml of superna-
tant, the appropriate antibodies, and 50 
 
m
 
l of protein A–agarose beads or
protein G–Sepharose. The mixture was then rotated for 2 h at 4
 
8
 
C. The
proteins in the immunocomplexes were washed three times with IPB
buffer with 500 ml, solubilized in SDS sample buffer, fractionated by SDS-
PAGE, transferred to polyvinylene difluoride membrane, probed with the
appropriate antibodies, and then detected by the enhanced chemilumines-
cence method (Amersham Corp.).
 
Calmodulin Overlay Assay
 
GST–INAD fusion proteins used in the overlay assay were constructed
using pGEX vectors (Pharmacia Biotech., Inc., Piscataway, NJ). The fu-
sion proteins were produced in 
 
Epicurian coli
 
 BL21(DE3)pLysS cells
 
(Stratagene, La Jolla, CA) as described by the manufacturer. The calmod-
ulin overlay assay was performed using biotinylated calmodulin (Life
Technologies, Inc., Gaithersburg, MD) in the presence of Ca
 
2
 
1
 
 as de-
scribed by the manufacturer.
 
Glutathione Column-binding Experiments
 
pGST–INAD was constructed by subcloning full-length INAD into
pGEX5.1 (Pharmacia Biotech., Inc.). 100 ml of bacteria culture (BL-21)
was induced with IPTG and lysed by sonication after addition of 10 ml
TBST (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% Triton X-100, 1 mM
PMSF, 1 mM EDTA, 1 mM DTT). After removing the debris by centrifu-
gation, the GST and GST fusion proteins were purified using glutathione
beads (Pharmacia Biotech., Inc.). 0.5 
 
m
 
g of purified GST–INAD or 1 
 
m
 
g
GST (negative control) was immobilized on 20 
 
m
 
l of glutathione-agarose
beads (Pharmacia Biotech., Inc.). [
 
35
 
S]methionine probes were made by
coupled transcription/translation using the TNT kit (Promega Corp.,
Madison, WI). The in vitro translation of the opsin was performed in the
presence of microsomes. Equal amounts of 
 
35
 
S probe were incubated in a
final volume of 200 
 
m
 
l (TBST buffer) at 4
 
8
 
C for 1–2 h with the glutathione
beads bound to GST–INAD or GST control. The mixture was washed
three times in TBST containing 500 mM NaCl and the bound proteins
were eluted with SDS sample buffer. The elutes were fractionated by
SDS-PAGE and the 
 
35
 
S-labeled proteins were detected using a Phosphor-
Imager (model BAS-1500; Fugix Inc., Kanagawa, Japan).
 
Sucrose Gradient Ultracentrifugation
 
INAD fragments (PDZ1-2 and PDZ3-4) were translated in vitro with
[
 
35
 
S]methionine (25–50 
 
m
 
l each, TNT system; Promega Inc.) and immedi-
ately incubated on ice for 5 h and subsequently loaded on a 10 ml 5–20%
linear sucrose gradient in TBS (50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
2 mM DTT, and protease inhibitors) and centrifuged at 130,000 
 
g
 
 for 18 h
at 18
 
8
 
C with a rotor (model SW 41; Beckman Instrs., Fullerton, CA). Frac-
tions (0.3 ml) were collected and 40 
 
m
 
l of each was resolved by SDS-
PAGE and the 
 
35
 
S-labeled proteins were detected using a PhosphorIm-
ager. The intensity of individual protein bands was quantified with the
PhosphorImager and plotted as a function of fraction numbers. PSL/mm
 
2
 
are the units assigned arbitrarily by the PhosphorImager software. Protein
size markers were catalase (250 kD), 
 
b
 
-amylase (200 kD), BSA (66 kD),
and carbonic anhydrase (29 kD).
 
Results
 
Direct Binding of Rhodopsin, TRPL, PKC, and 
Calmodulin to INAD
 
Currently, there are no examples of seven transmembrane
domain receptors that interact directly with a PDZ con-
taining protein; although, metabotropic glutamate recep-
tors have been reported to bind to Homer, a protein with a
small region which may be distantly related to PDZ do-
mains (Brakeman et al., 1997). A suggestion that the ma-
jor rhodopsin encoded by the 
 
ninaE
 
 locus (O’Tousa et al.,
1985; Zuker et al., 1985) may interact with INAD is that it
coimmunoprecipitated with the TRP channel from wild-
type but not 
 
InaD
 
P215
 
 mutant fly heads (Chevesich et al.,
1997). To test whether the rhodopsin interacts with INAD
in vivo, we performed a coimmunoprecipitation experi-
ment using extracts from 
 
Drosophila
 
 heads. INAD coim-
munoprecipitated with rhodopsin but not in a control re-
action carried out with nonimmune serum (Fig. 1 
 
A
 
). In
addition, we coexpressed the proteins in vitro using a
mammalian tissue culture system, 293T cells, and found
that the 
 
ninaE
 
 opsin and INAD coimmunoprecipitated
(Fig. 1 
 
B
 
). In a control experiment, we found that INAD
did not immunoprecipitate nonspecifically with the NINAE
antibodies since INAD was not detected on the Western
blot after performing immunoprecipitations using extracts
from 293T cells expressing INAD, but not the opsin (Fig. 1 
Xu et al. 
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547
 
B
 
). Furthermore, the coimmunoprecipitation of the opsin
and INAD did not appear to be due to nonspecific interac-
tion of membrane proteins with INAD since two other
membrane proteins did not coimmunoprecipitate with
INAD in 293T cells. These included a human store-oper-
ated channel, TRPC3 (Fig. 1 
 
I
 
) (Wes et al., 1995; Zhu et
al., 1996; Xu et al., 1997), and the Shaker K
 
1
 
 channel (Fig.
1 
 
J
 
) (for review see Jan and Jan, 1990), which is expressed
in 
 
Drosophila
 
 photoreceptor cells (Hardie, 1991). Evi-
dence that the association between the opsin and INAD
was direct was that in vitro–translated opsin bound to
GST–INAD immobilized on a glutathione–Sepharose col-
umn but not to the GST control (Fig. 1 
 
C
 
).
In addition to TRP, another cation influx channel sub-
unit, TRPL (Phillips et al., 1992), functions in phototrans-
duction (Niemeyer et al., 1996)
 
 
 
by forming a heteromulti-
meric channel with TRP (Gillo et al., 1996; Xu et al.,
1997). To investigate whether TRPL was an INAD-inter-
acting protein, we first carried out an in vivo coimmuno-
precipitation experiment and found that INAD associated
with TRPL in fly photoreceptor cells (Fig. 1 
 
D
 
). Since
TRPL heteromultimerizes with TRP (Gillo et al., 1996; Xu
et al., 1997), it was possible that TRPL associated with
INAD through TRP. Therefore, we tested whether TRPL
and INAD coimmunoprecipitated after coexpressing the
two proteins in 293T cells. INAD was detected after im-
munoprecipitating cell extracts with TRPL antibodies but
 
Figure 1.
 
INAD directly interacted with rhodopsin, TRPL, PKC,
and calmodulin. (
 
A
 
) Rhodopsin and INAD coimmunoprecipi-
tated from fly heads. Fly head extracts were used for immunopre-
cipitations with anti-rhodopsin (
 
Rh
 
) antibodies or nonimmune
serum (
 
NIS
 
). A Western blot of the immune complexes was
probed with rabbit anti-INAD antibodies followed by 
 
125
 
I-
labeled protein A. Horseradish peroxidase-conjugated secondary
antibodies were used in subsequent experiments (
 
B
 
–
 
H
 
). (
 
B
 
)
INAD and opsin coimmunoprecipitated from 293T cells. pINAD
(encoding full-length INAD) was transfected into 293T cells or
cotransfected with pRh1 (encoding full length opsin [
 
Op
 
]). The
cell lysates were immunoprecipitated with rabbit anti-rhodopsin
antibodies or NIS and the Western blot containing the immuno-
precipitates and total cell lysates (
 
Input
 
) was probed with anti-
INAD antibodies. The volume of lysates loaded in the input lanes
was 20% of that used in the corresponding lanes containing the
immunoprecipitates. The same ratio was followed in subsequent
experiments. (
 
C
 
) Opsin bound to a GST–INAD fusion protein.
In vitro–translated opsin proteins labeled with [
 
35
 
S]methionine
(
 
Op
 
) were incubated with a GST–INAD fusion protein or GST
alone bound to glutathione–Sepharose beads. SDS sample buffer
was added to the beads, the eluates were fractionated by SDS-
PAGE, and then the dried gel was exposed using a PhosphorIm-
ager. (
 
D
 
) TRPL and INAD coimmunoprecipitated from fly heads.
Immunoprecipitations were performed using fly head extracts and
anti-TRPL antibodies or NIS. The immune complexes were frac-
tionated by SDS-PAGE and a Western blot was probed with anti-
INAD antibodies. (
 
E
 
) TRPL and INAD coimmunoprecipitated
from 293T cells. INAD was expressed in 293T cells or coexpressed
with TRPL and immunoprecipitations were performed with anti-
TRPL antibodies. The immune complexes and total cell lysates
(
 
Input
 
) were fractionated by SDS-PAGE and the Western blot
was probed with anti-INAD antibodies. (
 
F
 
) TRPL bound to GST–
INAD. In vitro–translated COOH-terminal TRPL labeled with 
 
35
 
S
(
 
C-TRPL
 
; residues 676–1,124) was incubated with a GST–INAD
fusion protein immobilized on glutathione–Sepharose beads. The
bound proteins were eluted with SDS sample buffer, the eluates
were fractionated by SDS-PAGE, and then the dried gel was ex-
posed using a PhosphorImager. (
 
G
 
) PKC and INAD coimmuno-
precipitated from 293T cells. pPKC-F (PKC with a FLAG epitope
tag) and pINAD-M (INAD with a MYC tag) were cotransfected
into 293T cells. Immunoprecipitations were performed with anti-
MYC antibodies, and a Western blot of the immunocomplexes was
probed with anti-FLAG antibodies. (
 
H
 
) PKC bound to GST–
INAD. In vitro–translated 
 
35
 
S-PKC was incubated with a GST–
INAD fusion protein immobilized on glutathione–Sepharose
beads. The bound proteins were eluted with SDS sample buffer,
fractionated by SDS-PAGE, and then exposed using a Phosphor-
Imager. (
 
I
 
) TRPC3 and INAD did not coimmunoprecipitate from
293T cells. pTRPC3-F (TRPC3 with a FLAG tag) and pINAD
were cotransfected in 293T cells, immunoprecipitations were car-
ried out with anti-FLAG or anti-INAD antibodies, and Western
blots were probed with either anti-INAD or anti-FLAG antibod-
ies. To demonstrate that TRPC3 and INAD were immunoprecipi-
tated by the primary antibodies, the same Western blots were re-
probed with anti-FLAG or INAD antibodies (results are shown at
 
bottom
 
). (
 
J
 
) Shaker B and INAD did not coimmunoprecipitate
from 293T cells. pShB (full-length ShB1 cDNA under the cytome-
galovirus promoter; gift of M. Li, Johns Hopkins University School
of Medicine, Baltimore, MD) and pINAD were coexpressed in
293T cells. Immunoprecipitations were carried out with anti-
INAD antibodies and the Western blot was probed with anti-ShB
antibodies (gift of M. Li). 
 
Bottom panel
 
, the same blot reprobed
with anti-INAD antibodies. (
 
K
 
) CaMKII did not coimmunoprecip-
itate with INAD from 293T cells. pCKII-M (CaMKII with a Myc
tag) and pINAD were cotransfected in 293T cells, immunoprecipi-
tations were performed with anti-INAD antibodies, and then the
Western blot was probed with anti-Myc antibodies. 
 
Bottom panel
 
,
the same blot reprobed with anti-INAD antibodies. 
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not with nonimmune serum (Fig. 1 
 
E
 
). Furthermore,
INAD was not detected after immunoprecipitating with
TRPL antibodies using extracts expressing only INAD.
The interactions of TRP (Shieh and Zhu, 1996) and TRPL
with INAD appeared to be specific since a highly related
member of the TRP family, human TRPC3, did not coim-
munoprecipitate with INAD (Fig. 1 
 
I
 
). Evidence that
TRPL and INAD directly interacted was that 
 
35
 
S-labeled
TRPL bound to INAD–GST fusion proteins immobilized
on a column (Fig. 1 
 
F
 
).
PKC, encoded by the 
 
inaC
 
 locus (Smith et al., 1991), is
another molecule known to function in the signaling cas-
cade. It is required for adaptation and for terminating the
photoresponse (Smith et al., 1991; Hardie et al., 1993). Re-
cently, it has been shown that PKC is part of the INAD-sig-
naling complex (Huber et al., 1996
 
a
 
; Tsunoda et al., 1997).
These previous experiments were performed using fly head
extracts
 
;
 
 therefore, it was not addressed whether PKC
binds directly to INAD. Moreover, it has been suggested
that PKC may be linked to the signaling complex through
PLC, rather than through INAD (Huber et al., 1996
 
a
 
). To
address whether PKC was also an INAD binding protein,
we conducted two assays: a coimmunoprecipitation experi-
ment using the 293T cell expression system (Fig. 1 
 
G
 
) and
in vitro binding using a GST–INAD fusion protein (Fig. 1
 
H
 
). We found that PKC interacted with INAD in both of
these assays, indicating PKC directly bound to INAD. The
coimmunoprecipitation between PKC and INAD in 293T
cells appeared to be specific since another cytoplasmic pro-
tein kinase which is present in 
 
Drosophila
 
 photoreceptor
cells, calmodulin-dependent protein kinase II (Kahn and
Matsumoto, 1997), did not coimmunoprecipitate with
INAD (Fig. 1 
 
K
 
).
Calmodulin, a Ca
 
2
 
1
 
 regulatory protein which functions
in light adaptation and termination of the light response
(Porter et al., 1993, 1995; Arnon et al., 1997
 
a
 
,
 
b
 
; Scott et al.,
1997), may also be an INAD-interacting protein since
INAD from fly head extracts binds to a calmodulin affinity
column in a Ca
 
2
 
1
 
-dependent manner (Chevesich et al.,
1997). However, the observation that calmodulin interacts
with two other INAD binding proteins, TRPL and TRP
(Warr and Kelly, 1996; Chevesich et al., 1997), suggests
that the detected interaction might be indirect. To deter-
mine whether calmodulin is an INAD-binding protein, we
generated a series of GST–INAD fusion proteins and
found that calmodulin interacted with INAD fusions in an
overlay assay (Fig. 2). Furthermore, calmodulin interacted
with the linker region between PDZ1 and PDZ2 (Fig. 2
and Fig. 3 
 
F
 
).
 
Opsin, TRPL, and PKC Bound to INAD through PDZ3 
and PDZ4
 
To map the regions in INAD mediating the interactions
with the opsin, TRPL, and PKC, we generated a series of
INAD constructs and coexpressed them with each target
protein in 293T cells (Fig. 3). We found that either PDZ3
or PDZ4 was sufficient to interact with the opsin, TRPL,
and PKC. However, binding of each target to PDZ3 re-
quired an extra 28 amino acids COOH-terminal to PDZ3
(PDZ3L). A requirement for additional residues for target
binding to a PDZ domain is not unique since a similar
COOH-terminal extension is necessary for binding of tar-
get peptides to the PDZ domain in neuronal nitric acid
synthase (Stricker et al., 1997). The association of the tar-
gets with PDZ3L required PDZ3 rather than just the extra
28 COOH-terminal amino acids since truncation of the
NH
 
2
 
-terminal portion of PDZ3L-obliterated binding (see
below). Binding of the opsin, TRPL, and PKC to PDZ3L
and PDZ4 appeared to be specific since none of eight
other protein or protein fragments tested bound to
PDZ3L or PDZ4. These included TRPC3 (Fig. 3 
 
D
 
),
Shaker B (Fig. 3 
 
D
 
), calmodulin (Fig. 2), and the PLC en-
coded by the 
 
norpA
 
 locus (Fig. 3 
 
E
 
). Furthermore, consis-
tent with a recent report that PLC bound to a GST–PDZ1
fusion protein (van Huizen et al., 1998), we found that the
COOH-terminal 123 residues of PLC expressed in 293T
cells coimmunoprecipitated with either PDZ1 or PDZ1-
PDZ2 (Fig. 3 E). These data suggest that the lack of inter-
action between these latter two PDZ domains and either
the opsin, TRPL, or PKC was not due improper folding of
PDZ1 or PDZ1-PDZ2. Studies in other labs, using bacte-
rial fusion proteins, indicated that PLC bound to either
PDZ1 and PDZ5 (van Huizen et al., 1998) or PDZ5 only
(Tsunoda et al., 1997). Although the PLC expressed in
293T cells did not bind to PDZ5, we did find that PLC in-
teracted with PDZ5 expressed in E. coli (data not shown).
The lack of interaction of PLC with PDZ5 in 293T cells
may be due to interference by posttranslational modifica-
tions of PDZ5, endogeous proteins that bind to either PLC
or PDZ5 precluding the PLC/PDZ5 interaction, or mis-
folding of PDZ5.
Mutation of the COOH-terminal Residues in PKC 
Reduces but Does Not Eliminate Binding to INAD
It has been shown that the COOH-terminal three residues
of target proteins (often S/TXV) are essential for binding
to PDZ domains (for reviews see Saras and Heldin, 1996;
Kornau et al., 1997). Mutations in the COOH termini of
the Shaker-type K1 channel, inwardly rectifier K1 chan-
nel, and NMDA receptor disrupt their interaction with
PSD-95 (Kim et al., 1995; Kornau et al., 1995; Cohen et al.,
1996). Moreover, the crystal structures of the third PDZ
domain in PSD-95 and DLG have been solved, demon-
strating that each possesses a hydrophobic pocket and a
buried arginine residue that accommodates a COOH-ter-
minal peptide (Cabral et al., 1996; Doyle et al., 1996). To
test whether INAD interacted with its targets in a similar
way, we changed each of the last three residues in PKC
(T-I-I) to aspartic acid (PKCD) and coexpressed the deriv-
ative with full-length INAD in 293T cells. Binding to
INAD was not abolished as a consequence of the mutation
Figure 2. Calmodulin inter-
acted directly with INAD.
Total bacterial extracts ex-
pressing GST–INAD fusion
proteins (residues included
in each construct are indi-
cated above each lane) or
GST alone were fraction-
ated by SDS-PAGE and transferred to polyvinylene difluoride.
The membranes were then probed with biotin-labeled calmodu-
lin. Left, protein size markers.Xu et al. INAD Signaling Complex 549
been shown to contain two sites (van Huizen et al., 1998).
Alternatively, there may be a single binding site in PKC
which is close to but not at the extreme COOH terminus.
If so, then mutation of the flanking COOH-terminal resi-
dues may disrupt but not obliterate binding. To differenti-
ate between these possibilities, we attempted to further
map the binding site(s). We found that all of the INAD-
binding capacity was contained in the COOH-terminal
Figure 3. INAD interacted with opsin, TRPL, and PKC via ei-
ther PDZ3L or PDZ4. (A) Schematic indicating the PDZ do-
mains to which the opsin, TRPL, PKC, and PLC interacted in a
coimmunoprecipitation assay after expressing the proteins in
293T cells. Those INAD fragments that coimmunoprecipitated
with the opsin, TRPL, PKC, or a PLC fragment encoding the last
123 amino acids were indicated with a 1 whereas those that did
not were indicated with a 2. N/D, experiments that were not
done. (B) Representative results from A indicating that TRPL
coimmunoprecipitated with PDZ3L and PDZ4. A plasmid en-
coding the COOH-terminal end of TRPL (residues 676–1,124)
was cotransfected into 293T cells with a second construct encod-
ing INAD or portions of INAD (panel A, left) fused to a MYC
tag. TRPL was immunoprecipitated from cell lysates with anti-
TRPL antibodies and a Western blot of the immune complexes
and total cell lysates (Input) were probed with anti-MYC anti-
bodies. (C) Representative results summarized in A indicating
that PKC bound to either PDZ3L or PDZ4. A plasmid encoding
FLAG-tagged PKC (pPKC-F) was cotransfected into 293T cells
along with a second construct encoding full-length or fragments of
INAD fused to MYC tags. Immunoprecipitations were performed
with anti-MYC antibodies and Western blots of the immune com-
plexes and total cell lysates were probed with anti-FLAG antibod-
ies. (D) TRPC3 and Shaker B did not interact with PDZ3-4 of
INAD in 293T cells. pPDZ3.4-M (PDZ3-4 of INAD with a Myc
tag) was coexpressed with either pTRPC3-F or pShB in 293T cells.
Cell lysates were immunoprecipitated with anti-MYC or anti-
FLAG antibodies and the Western blots were probed with anti-
FLAG, anti-MYC, or anti-ShB1 antibodies. (E) Representative
results showing that PLC binds to PDZ1 and not other domains
such as PDZ3 and PDZ4. A plasmid encoding MYC-tagged PLC
(pPLC-M) was cotransfected into 293T cells along with a second
construct the various INAD forms (indicated in panel A) fused to MYC tags. Immunoprecipitations were performed with anti-MYC anti-
bodies and Western blots of the immune complexes and total cell lysates were probed with anti-FLAG antibodies. (F) Schematic of
INAD–PDZ domains and calmodulin-binding domain. The arbitrary boundaries of the five PDZ domains are indicated in amino acids.
(data not shown). To directly compare whether the bind-
ing of PKCD to INAD was reduced relative to wild-type
PKC, we performed column-binding assays. Although
PKCD still bound to INAD, the interaction was signifi-
cantly reduced (approximately eightfold). It was possible
that the residual binding was due to the presence of a sec-
ond INAD binding site in PKC since another INAD-bind-
ing protein, PLC (Chevesich et al., 1997), has recentlyThe Journal of Cell Biology, Volume 142, 1998 550
third of PKC that included most of the catalytic domain
(residues 472–700; Fig. 4, A and B). Smaller derivatives of
the catalytic domain were all unstable in 293T cells, sug-
gesting that they might have been misfolded. Thus, it was
not feasible to further map the INAD binding site(s) in
293T cells or using the column-binding assay.
Homomultimerization of INAD through Two PDZ 
Domains May Lead to Formation of an INAD Network
The finding that PDZ3 and PDZ4 bound multiple targets
indicated that a single INAD molecule would not have the
capacity to nucleate the entire signaling complex unless
INAD functions as a homomultimeric protein. To address
this hypothesis, we coexpressed full-length INAD fused
with MYC or FLAG epitope tags in 293T cells and found
that INAD–FLAG coimmunoprecipitated with INAD–
MYC (Fig. 5 A). Further evidence that INAD homomulti-
merized was obtained by demonstrating that 35S-INAD
bound to a GST–INAD fusion immobilized on a glu-
tathione column (Fig. 5 B). Homomultimerization of a verte-
brate PDZ domain-containing protein expressed in post-
synaptic densities, PSD-95, has recently been reported and
the homomeric binding is mediated through NH2-terminal
disulfide bonds (Hsueh et al., 1997). In contrast, we found
that the INAD homomultimerization occurred through PDZ
domains (either PDZ3 or PDZ4, Fig. 5, D and E). Further-
more, INAD PDZ3 and PDZ4 could form either homomeric
or heteromeric interactions (Fig. 5 G). The PDZ–PDZ inter-
action appeared to be specific to PDZ3 and PDZ4 since
neither PDZ1, PDZ2, nor PDZ5 bound to any of portion of
INAD including PDZ3 or PDZ4. In addition, another pro-
tein with multiple PDZ domains, SAP 102 (Muller et al.,
1996), did not coimmunoprecipitate with either full-length
INAD (Fig. 5 C) or PDZ3–PDZ4 (Fig. 5 F).
The observation that homomeric interactions occurred
through either PDZ3 or PDZ4 raised the possibility that
INAD may form a homopolymer rather than just a dimer.
To address this possibility, we translated in vitro a segment
of INAD including just PDZ3-PDZ4 and fractionated the
products by sucrose gradient sedimentation. Although a
proportion of PDZ3-4 fractionated near the predicted mo-
lecular weight of the dimer (52 kD), a significant amount
sedimented as a much larger protein of z200 kD (Fig. 5, H
and I). PDZ1-PDZ2 loaded onto the same gradient sedi-
mented with a single peak near its predicted monomer
molecular weight of z39 kD (Fig. 5, H and I). Thus,
PDZ1-2 did not homomultimerize or interact with PDZ3-
PDZ4. The data that a proportion of PDZ3-PDZ4 sedi-
mented as a protein $200 kD suggested that INAD may
be capable of forming homopolymers with a subunit com-
position of $8. In contrast to PDZ1-PDZ2 which fraction-
ated with a single peak, four small peaks were detected
with PDZ3-PDZ4 which roughly corresponded to the pre-
dicted sizes of molecules with 1, 2, 4, and 6 subunits. Since
the PDZ1-PDZ2 monomer and marker proteins distrib-
uted over many fractions, the PDZ3-PDZ4 peaks may
have been small due to a similar broad distribution of the
PDZ3-PDZ4 monomer, dimer, and higher order forms.
Homomultimerization of INAD Did Not Prevent
PDZ–Target Interactions
The findings that INAD can form homomultimers through
PDZ3 and PDZ4 raises the question as to whether homo-
multimerization precludes INAD–target interaction or vice
versa (Fig. 6 A). An indication that PDZ–PDZ and PDZ–
target interactions share the same or overlapping interac-
tion interface is that a synthetic peptide corresponding to
the COOH-terminal sequence of the NMDA receptor type
2B blocks the PDZ–PDZ interactions between neuronal
nitric acid synthase and PSD-95 (Brenman et al., 1996). To
investigate whether homomultimerization and PDZ–target
interactions can occur simultaneously, we took advantage
of the finding that PDZ3 alone was sufficient to promote
homotypic interactions, whereas PDZ3L was required for
binding to the opsin, TRPL, or PKC. Therefore, we tested
whether PDZ3 coimmunoprecipitated with the targets after
coexpressing PDZ3 and PDZ3L with either TRPL or PKC.
We found that TRPL or PKC coimmunoprecipitated with
PDZ3 in the presence but not in the absence of PDZ3L
(Fig. 6, B and C). These results indicated that PDZ3 and
PDZ3L formed a ternary complex with the target proteins
and suggested that the INAD PDZ–PDZ and PDZ–target
interactions were mediated via different interfaces. Consis-
Figure 4. COOH-terminal fragment of PKC specifically interacted
with INAD. (A) Schematic showing that COOH-terminal frag-
ments of PKC interacted with INAD in column-binding assays.
The regulatory domain (R) and catalytic domain (C) of PKC are
indicated. PKCD was the full-length PKC with the last three resi-
dues substituted with aspartic acids. Polypeptides interacting or
not interacting with INAD were indicated with a 1 or 2, respec-
tively. Based on quantification using a PhosphorImager (refer to
Materials and Methods), the relative levels of the interactions were
arbitrarily assigned from 2 to 111. The NH2- and COOH-termi-
nal residues included in each protein fragments were indicated. (B)
The input probe (with [35S]methionine) used in C are shown.
CaMKII and various PKC fragments shown in A were in vitro–
translated using a TNT kit (Promega Corp.), separated by SDS-
PAGE, and detected after using a PhosphorImager (1-h exposure).
(C) A COOH-terminal fragment of PKC interacted with INAD in
the column-binding assay. 35S-labeled probes from B were incu-
bated with a GST–INAD or GST-bound glutathione column.
After several washes, the beads were eluted with SDS sample
buffer, the elutes were fractionated by SDS-PAGE, and then the
signals were detected using a PhosphorImager (12-h exposures).Xu et al. INAD Signaling Complex 551
tent with this latter proposal, an NH2-terminal truncation
that removed the first and second putative b barrel from
PDZ3L (Fig. 6 D, PDZ3LDN) disrupted interaction with
PKC; however, homomeric binding still occurred. Further-
more, as described above, the COOH-terminal extension in
PDZ3L was required for binding to PKC but not for the
PDZ–PDZ association. The extra COOH-terminal residues
in PDZ3L were not sufficient for binding to PKC since
PDZ3LDN did not bind PKC (Fig. 6 D).
Discussion
INAD Links Most, If Not All, of the Components of the 
Phototransduction Cascade
The view that signaling through G protein–coupled cas-
cades occurs via random stochastic collisions between
membrane receptors and effector molecules has been
widely held for many years (Tolkowsky and Levitzki,
1978). However, alternative proposals suggesting that sig-
naling cascades are comprised of components that are
physically coupled have been presented but have received
less attention (Rodbell, 1992). The major conclusion from
the current work is that Drosophila vision is mediated by a
massive supramolecular complex and that assembly of
such a complex is facilitated by homomultimerization of
the scaffold protein INAD. Previous studies have shown
that at least two proteins required in Drosophila vision,
TRP and the PLC encoded by the norpA locus, bind di-
rectly to INAD, a protein with five PDZ domains (Shieh
and Zhu, 1996; Chevesich et al., 1997). In addition, PKC
(Huber et al., 1996a), rhodopsin, and calmodulin (Chev-
esich et al., 1997), have been implicated as INAD-binding
proteins; however, direct binding has not been demon-
Figure 5. INAD homomultimerized in vitro
through PDZ3 and PDZ4. (A) INAD homomul-
timerized in 293T cells. MYC- and FLAG-tagged
INAD (INAD-M and INAD-F) were coex-
pressed in 293T cells. Immunoprecipitations
were performed with anti-MYC antibodies or
NIS and the Western blot was probed with anti-
FLAG antibodies. (B) INAD displayed homo-
meric interactions in a column binding assay. In
vitro–translated 35S-INAD was coincubated with
GST–INAD or GST immobilized on a gluta-
thione column. The 35S-INAD was eluted with
SDS sample buffer, fractionated by SDS-PAGE,
and then exposed using a PhosphorImager. (C)
SAP 102 did not interact with INAD. A plasmid
encoding MYC-tagged SAP 102 (gift of R.
Huganir, Johns Hopkins University School of
Medicine) was cotransfected with pINAD in
293T cells. Cell lysates were immunoprecipitated
with anti-INAD antibodies and a Western blot
was probed with anti-MYC or anti-INAD anti-
bodies. (D and E) INAD homomultimerized via
either PDZ3 or PDZ4. Constructs containing
MYC-tagged fragments of INAD were cotrans-
fected in 293T cells with plasmids encoding full-
length INAD (pINAD). Cell lysates were immu-
noprecipitated with anti-MYC antibodies and
Western blots were probed with anti-INAD anti-
bodies. Constructs that coimmunoprecipitated
with pINAD were indicated with a 1 whereas
those that did not coimmunoprecipitate were in-
dicated with a 2. E, representative results sum-
marized in panel D). (F) SAP 102 did not inter-
act with INAD PDZ3-PDZ4 (PDZ3.4-F). SAP
102-M and pPDZ3.4-F (PDZ3-PDZ4 with a
FLAG tag) were coexpressed in 293T cells. The
coimmunoprecipitation was performed with anti-
FLAG antibodies and the Western blot was
probed with anti-MYC or anti-FLAG antibodies. (G) PDZ3 and PDZ4 displayed homophilic and heterophilic interactions. MYC- or
FLAG-tagged INAD PDZ3 or PDZ4 constructs (PDZ3L-M, PDZ3L-F, PDZ4L-M, and PDZ4L-F) were cotransfected into 293T cells
as indicated. Cell lysates were immunoprecipitated with anti-MYC antibodies or nonimmune serum (NIS). The Western blots were
probed with anti-FLAG antibodies. (H and I) PDZ3-PDZ4 formed polymers. INAD fragments including either PDZ1 and PDZ2
(PDZ1-2) or PDZ3 and PDZ4 (PDZ3-4) were translated in vitro with [35S]methionine and fractionated by sucrose gradient centrifuga-
tion. Both PDZ1-2 and PDZ3-4 were loaded onto the same gradient. Collected fractions were resolved by SDS-PAGE and processed
for autoradiography shown in I. The protein bands in panel I were quantified with a PhosphorImager and corresponding readings were
plotted versus fraction numbers in H. Fraction numbers as well as those fractions that contained the peak levels of the marker proteins
included in the gradient were indicated.The Journal of Cell Biology, Volume 142, 1998 552
strated. Here, we show that at least five additional pro-
teins bind INAD. These include four target proteins:
rhodopsin, TRPL, PKC, and calmodulin. In addition, we
found that INAD formed homophilic interactions. Thus,
INAD associated directly with a minimum of seven pro-
teins including a receptor (rhodopsin), an effector (PLC),
regulators (PKC and calmodulin), and ion channels (TRP
and TRPL). These findings raise the possibility that nearly
all of the proteins that function in Drosophila phototrans-
duction are linked to INAD.
In a previous study, it was reported that INAD did not
bind to TRPL or rhodopsin (Tsunoda et al., 1997); thus,
INAD was not considered to have the capacity to coordi-
nate some of the key proteins critical in phototransduc-
tion. Specifically, these workers reported that neither
TRPL nor rhodopsin coimmunoprecipitate with INAD
from fly heads. Nevertheless, we found that INAD not
only coimmunoprecipitated with both of these proteins
from fly heads but interacted in several in vitro assays.
Consistent with these results, we had previously shown
that rhodopsin and TRP coimmunoprecipitate from wild-
type but not InaDP215 heads (Chevesich et al., 1997). Al-
though these earlier results did not demonstrate that
rhodopsin and INAD interact directly, they did show that
the association of TRP and rhodopsin in vivo depends on
the presence of wild-type INAD. The negative coimmuno-
precipitation results in the previous study (Tsunoda et al.,
1997) was presumably due to differences in the procedures
that were used. For example, the primary antibodies used
in our coimmunoprecipitations were directed against the
target proteins, whereas in the former analysis, anti-INAD
antibodies were used instead. To provide evidence that
INAD associated directly with rhodopsin, PKC, and
TRPL, we performed column-binding studies. The results
of these analyses were further supported by coimmuno-
precipitation experiments after expressing INAD and the
target proteins in tissue culture cells.
INAD Targets Bind to Multiple PDZ Modules
It has previously been suggested that each of the five PDZ
domains in INAD is a distinct binding module that inter-
acts with a different target protein (Tsunoda et al., 1997).
However, the concept that there exists a simple one-
Figure 6. PDZ–PDZ interactions did not pre-
clude PDZ–target interactions. (A) Models for
the PDZ–PDZ and PDZ–target interaction:
PDZ–PDZ interaction precludes binding of tar-
gets, PDZ–target binding prevents PDZ-PDZ in-
teraction, PDZ–PDZ and PDZ–target binding
can occur simultaneously. (B) TRPL, PDZ3, and
PDZ3L formed a ternary complex. COOH-termi-
nal TRPL, MYC-tagged PDZ3 (PDZ3-M) and
FLAG-tagged PDZ3 long-form (PDZ3L-F) were
expressed in duplicate or triplicate in 293T cells as
indicated. Cell lysates were immunoprecipitated
with anti-TRPL or anti-MYC antibodies and the
Western blots were probed with either anti-MYC
(left two panels) or anti-FLAG antibodies (right
two panels). (C) PKC, PDZ3, and PDZ3L formed
a ternary complex. FLAG-tagged PKC (PKC-F),
MYC-tagged PDZ3 (PDZ3-M), MYC-tagged
PDZ3 long-form (PDZ3L-M) and FLAG-tagged
PDZ3 long-form (PDZ3L-F) were doubly- or
triply-expressed in 293T cells as indicated. Cell
lysates were immunoprecipitated with anti-MYC
antibodies or nonimmune serum and the West-
ern blots were probed with anti-FLAG antibod-
ies. The third panel in B and the fourth panel in C
are duplicates. (D) Homomultimerization and
target binding were mediated through overlap-
ping but different regions in PDZ3. Plasmids
encoding various portions of PDZ3 and linker
regions (MYC-tagged) were coexpressed with
pPKC-F or pINAD in 293T cells. Coimmunopre-
cipitations were carried out using anti-MYC anti-
bodies. 1, PDZ3 fragments that interacted with
PKC or INAD in the assay.Xu et al. INAD Signaling Complex 553
to-one correspondence between PDZ domains and target
proteins appears to be an oversimplification. Other than
calmodulin, which bound to the linker region between
PDZ1 and PDZ2, each of the INAD targets appears to in-
teract with more than one PDZ domain. We found that
the opsin, TRPL, and PKC each associated with PDZ3
and PDZ4. TRP may also bind to PDZ4, in addition to
PDZ3, since it coimmunoprecipitated with a fragment that
included both PDZ4 and PDZ5 (data not shown). The in-
teraction of these targets with PDZ3 and PDZ4 appeared
to be specific since eight other proteins tested in the in
vitro assays did not bind full-length INAD or any frag-
ment of it. These included human TRPC3 as well as pro-
teins normally expressed in Drosophila photoreceptor
cells, such as Shaker and CaM kinase II. TRPC3 did not
bind any portion of INAD despite having a similar overall
level of identity with TRP as TRPL. An additional protein
that binds multiple domains in INAD is PLC. It has re-
cently been demonstrated that PLC binds to both PDZ1
and PDZ5 (van Huizen et al., 1998). Although we found
that PLC bound only to PDZ1 in 293T cells, PLC did bind
PDZ5 in an overlay assay (data not shown). Thus, it ap-
pears that target binding to INAD typically occurs via
more than one PDZ domain and that multiple assays
should be used before concluding that a particular PDZ–
target interaction does not occur.
Homomultimerization of INAD May Increase
the Capacity of the Complex to Simultaneously Link 
Multiple Targets
Binding of multiple targets to the same PDZ domains
should in principle preclude formation of a single complex
comprised of all the potential targets. Therefore, a conun-
drum concerns the mechanism by which INAD could co-
ordinate such a supramolecular signaling complex. A po-
tential resolution to this problem is the finding that INAD
is capable of forming homomultimers. Evidence that this
was the case was provided by column-binding experi-
ments, coimmunoprecipitation assays, and by examining
the distribution of PDZ3-PDZ4 on sucrose gradients.
Consistent with the proposal that INAD may form homo-
multimers in vivo, the original missense allele, InaDP215
(Pak, 1979) exhibits a partially dominant phenotype. Dom-
inant phenotypes often require protein–protein interac-
tions and result from poisoning of a wild-type protein with
an altered derivative, although other interpretations can-
not be excluded.
The mechanism underlying the INAD homomultimer-
ization differs from that in PSD-95 since INAD uses PDZ–
PDZ binding whereas PSD-95 dimer formation is medi-
ated through disulfide bonds NH2-terminal to the PDZ
domains (Hsueh et al., 1997). Since the homomultimeriza-
tion occurred through the same PDZ domains, PDZ3 and
PDZ4, that bind to several targets, the homophilic interac-
tions could potentially prevent target binding. However,
we found that the homomeric interaction did not preclude
target binding, thereby providing a mechanism whereby
several proteins could be coupled to the supramolecular
signaling complex via the same PDZ domains. The simul-
taneous homophilic and target binding indicated that the
two types of interactions occurred through different inter-
faces. Further support for this conclusion is that ho-
mophilic association required less than a complete PDZ
domain.
In contrast to the effects on homomultimerization, dele-
tion of the NH2-terminal region of PDZ3 disrupted bind-
ing to PKC. Thus, the residues in PDZ3 that may bond
with the COOH terminus of target proteins were required.
Consistent with this observation, mutation of the COOH-
terminal three residues of PKC greatly reduced, although
did not eliminate, interaction with INAD. The residual
binding to INAD may reflect a second binding site which
is internal since PLC has been shown to bind to INAD via
two sites (van Huizen et al., 1998). However, we were un-
able to map this site due to instability and possible mis-
folding of smaller derivatives of the COOH-terminal PKC
catalytic domain.
Possible Functions of the Signalplex in
Drosophila Vision
A potential function of the supramolecular complex may
be to facilitate Ca21-dependent feedback regulation. The
activities of several proteins required in phototransduc-
tion, such as PLC, are inhibited by a rise in Ca21 concen-
tration. Close association of the Ca21 influx channels to
other signaling proteins may serve to circumvent the con-
siderable Ca21 buffering capacity in the photoreceptor
cells. Indeed, the InaDP215 missense mutation causes a de-
fect in termination of the photoresponse (Shieh and Nie-
meyer, 1995). The association of calmodulin with INAD
could serve as one of the calcium sensors that operates in
the negative feedback regulation. Null InaD flies show a
dramatic defect in the amplitude of the photoresponse in-
dicating that a second function of the INAD complex may
be in activation (Tsunoda et al., 1997). Drosophila pho-
totransduction is activated within z20 milliseconds (Ran-
ganathan et al., 1991) and the rapid opening of the TRP
and TRPL cation influx channels may be directly medi-
ated by a second messenger produced in the signaling
complex.
All of the defects in InaD flies might be due to physical
detachment of the proteins from the signaling complex. In-
terestingly, some INAD–interacting proteins (TRP, PLC,
and PKC) if detached from the complex, in InaD mutants,
are no longer spatially restricted to the microvillar portion
of the photoreceptor cells, the rhabdomeres (Chevesich et al.,
1997; Tsunoda et al., 1997) and are unstable (Tsunoda et al.,
1997).  However, other INAD binding proteins such as
rhodopsin are still in the rhabdomeres and are stably ex-
pressed in InaD flies (Tsunoda et al., 1997).
We propose that those proteins that require interaction
with INAD for normal spatial localization may be consti-
tutively bound to INAD wheras other proteins, such as
rhodopsin and TRPL, which do not depend on INAD for
rhabdomere localization or stability, may interact dyna-
mically with INAD. Since TRP and TRPL form hetero-
multimers (Xu et al., 1997) and TRP requires INAD for
rhabdomere-specific localization, we suggest that TRP/
TRPL heteromultimers interact dynamically rather than
constitutively with INAD. Since TRP is much more abun-
dant than TRPL (Gillo et al., 1996; Xu et al., 1997), only a
small proportion of TRP is complexed with TRPL andThe Journal of Cell Biology, Volume 142, 1998 554
expected to remain in the rhabdomeres in InaD mutants.
In fact, a proportion of TRP remains in the rhabdomeres
of InaD photoreceptors (Chevesich et al., 1997). Thus, the
view that all INAD binding proteins interact stably and
require the interaction for proper localization (Tsunoda et
al., 1997) does not appear to be correct. Since rhodopsin is
the most abundant protein in the rhabdomeres and is
therefore present in excess over INAD, only a fraction of
rhodopsin could associate with INAD at any given time. It
is intriguing to speculate such a fraction might consist of
photoactivated rhodopsin.
The INAD supramolecular complex may not be a particle,
as suggested by the term transducisome (Tsunoda et al.,
1997), consisting of a single INAD monomer to which a
maximum of five target proteins bind. Instead, the visual cas-
cade appears to be mediated through a more complicated
higher order signaling web or complex (signalplex) consist-
ing of an extended network of INAD homomultimers to
which more than five targets bind. An indication that INAD
forms homomultimers in vivo, is that the original InaD mis-
sense allele is partially dominant, yet the null allele is reces-
sive. Most of these targets appear to bind to more than one
PDZ module and several targets appear to associate with
INAD via the same PDZ domains (Fig. 7). Thus, the nature
of the INAD signalplex appears to be more complicated
than previously envisioned. The full extent and complexity
of the INAD array remains to be determined.
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